Muscular dystrophies are a heterogeneous group of inherited disorders that share similar clinical features and dystrophic changes on muscle biopsy, associated with progressive weakness. Weakness may be noted at birth or develop in late adult life. In recent years, cardiac involvement has been observed in a growing number of genetic muscle diseases, and considerable progress has been made in understanding the relationships between disease skeletal muscle and cardiac muscle disease. This review will focus on the skeletal muscle diseases most commonly associated with cardiac complications that can be diagnosed by echocardiography, such as dystrophinopathies including Duchenne (DMD) and Becker (BMD) muscular dystrophies, cardiomyopathy of DMD/BMD carriers and X-L dilated cardiomyopathy.
Introduction
Muscular dystrophies (MD) are a heterogeneous group of inherited disorders that share similar clinical features and dystrophic changes on muscle biopsy, associated with progressive weakness. [1] [2] [3] [4] Weakness may be noted at birth or develop in late adult life. Some patients manifest with myalgias, rhabdomyolysis, or only raised serum creatine kinase levels without any symptoms or signs of weakness. Early-or childhood-onset muscular dystrophies may be associated with profound loss of muscle function, affecting ambulation, posture, and cardiac and respiratory function. Lateonset muscular dystrophies may be mild and associated with slight weakness and inability to increase muscle mass. 3, 4 A better understanding of the molecular bases of MD has led to more accurate definitions of the clinical features and a new classification. Knowledge of disease-specific complications, implementation of anticipatory care, and medical advances have changed the standard of care, with an overall improvement in the clinical course, survival, and quality of life of affected people. [5] [6] [7] [8] [9] [10] [11] Muscular dystrophies can present an autosomal dominant, autosomal recessive, or Xlinked pattern of inheritance and can result from mutations affecting structural proteins localizable to the sarcolemma, nuclear or basement membrane, sarcomere, or non-structural enzymatic proteins. 1, 4 In recent years, cardiac involvement has been observed in a growing number of genetic muscle diseases, and considerable progress has been made in understanding the relationships between disease skeletal muscle and cardiac muscle disease. 12 Cardiologists may be unfamiliar with these diseases due to the low incidence; also, significant advances in respiratory care have only recently unmasked cardiomyopathy as a significant cause of death in MD. 13, 14 In several forms of MD, cardiac disease may even be the predominant manifestation of the underlying genetic myopathy.
Early detection of MD-associated cardiomyopathy is of considerable importance, as a prompt institution of cardio-protective medical therapies may slow adverse cardiac remodeling and attenuate heart failure symptoms in these patients. [5] [6] [7] [8] [9] [10] Electrocardiography (ECG) and echocardiography are typically advocated for screening, 1, 12 although very recently, cardiovascular magnetic resonance has shown promise in revealing early cardiac involvement when standard cardiac evaluation is unremarkable. [15] [16] [17] This review will focus on the skeletal muscle diseases most commonly associated with cardiac complications that can be diagnosed by echocardiography, such as dystrophin-associated diseases or dystrophinopathies that include Duchenne (DMD) and Becker (BMD) muscular dystrophies, cardiomyopathy of DMD/BMD carriers and X-L dilated cardiomyopathy.
Dystrophinopathic cardiomyopathy
Interestingly, the first description of cardiac involvement associated with muscular dystrophy dates from 1836, by Gaetano Conte, a Neapolitan physician of the Santa Maria del Popolo degli Incurabili Hospital who, 32 years before the description of the disease by Duchenne de Boulogne, published in the journal Annali degli Incurabili, the case of a pseudohypertrophic myopathy in 2 brothers, one of them died with signs of heart hypertrophy. 18 A great contribution to the knowledge of myocardial damage in Duchenne and Becker muscular dystrophies is due to our group, who described the different clinical features of dystrophic cardiomyopathy in 1976, long before the discovery of the dystrophin gene and its localization in the heart. 19 During the next two decades we documented the evolution of the myocardial damage, emphasizing the importance of the preclinical stage of the cardiomyopathy. 20, 21 The opportunity to follow several hundreds of patients affected by muscular dystrophies for more than three-four decades, allowed us to observe that cardiomyopathies, and especially those associated with muscular dystrophies, are constantly progressive, but evolve in a stage-wise manner, passing through a number of patho-physiologically distinct stages ( Figure  1 ). Dilated cardiomyopathy and congestive heart failure are characteristic of dystrophinopathies but may represent the final stage of any type of cardiac involvement in muscular dystrophies.
Dystrophinopathic cardiomyopathy is caused by the complete/partial absence of dystrophin at the myocardial level, as a consequence of mutations in the dystrophin gene. Dystrophin gene is one of the more giant human genes so far identified. It comprises 8 promotors, 80 exons, a primary transcript of 14Kb 22 and a protein product of 427Kd, composed by 3685 a.a 23 ( Figure 2 ). Mutations in the dystrophin gene can result in 4 different clinical pictures of dystrophinopathic cardiomyopathy: i) Duchenne cardiomyopathy; ii) Becker cardiomyopathy; iii) Carrier's cardiomyopathy; iv) X-linked dilated cardiomyopathy.
Duchenne cardiomyopathy
Cardiac involvement in DMD has long been recognized with initial pathology descriptions of myocyte hypertrophy and myocardial fibrosis, typical electrocardiographic abnormali- ties, 24, 25 and abnormal wall motion detected by early echocardiography. 26, 27 Cardiomyopathy in DMD is caused by the complete absence of dystrophin in the heart as well as in muscles ( Figure 3 ). It generally starts as a preclinical stage with evolution toward advanced stages characterized by ventricle enlargement, but also by symptoms and signs of heart failure such as dyspnoea, peripheral oedema and liver enlargement. Abnormalities on investigation are more common than symptomatic presentation. 28 Dystrophinopathic cardiac involvement leads to a decline in cardiac function with age, resulting in ventricular dysfunction that contributes to early death from heart failure. 21, 28 It is present in about 25% of children around 6 years of age, without clinical symptoms; it evolves towards evident clinical pictures of heart damage in the second decade of life, involving 90-95% of patients at 18 years of age. The severity of cardiac phenotype is unrelated to the skeletal muscle phenotype, so that they can evolve independently.
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Becker cardiomyopathy
Becker cardiomyopathy is characterised by qualitative and/or quantitative anomalies of dystrophin at the myocardium level, similar to those observed at the skeletal muscle level (Figure 3 ). It is frequently observed even before the age of 30 years, and is always present thereafter. However in few patients the dilation could be the first manifestation of the heart involvement and the underlying myopathy, caused by a diffuse disorganized fibrosis.
The severity of cardiac involvement increases with age towards stages of dilated cardiomyopathy and congestive heart failure. 28, 30, 31 Life expectancy is severely conditioned by the presence of the cardiomyopathy, closely related to the type of dystrophin gene mutation. 32, 33 Heart transplantation is often required. 34 
Cardiomyopathy of Duchenne and Becker muscular dystrophies carriers
Cardiac involvement in DMD and BMD carriers was first described by our group in 1996. 35 Cardiac abnormalities usually progress towards pictures of dilated cardiomyopathy, passing through stages of myocardial hypertrophy or dysrhythmias, as in DMD/BMD patients. Clinical features are often more severe than those observed in skeletal muscles, with an evolution similar to that of affected males, but delayed in time. We have recently shown that the onset of DMD phenotype in DMD carriers prevalently depends on the degree of the Xinactivation pattern. 36 Often cardiomyopathy can be the main or the only manifestation of the carrier status. 35, 37 A percentage of carriers requires heart transplantation. 38 Dystrophin anomalies can be detected at the membrane level of the myocytes on endomyocardial biopsy specimens (Figure 3) . 35, 39 
X-linked dilated cardiomyopathy
In this type of cardiomyopathy, described by Towbin in 1993, 40 the dystrophin defect is limited to the myocardium (Figure 3) . The clinical picture is characterized by the onset of congestive heart failure in young boys, with a rapid fatal evolution within 2 years from the onset. Absence of muscle weakness is the rule, often associated with increased CK values. Cardiomyopathy in carriers is slowly progressive. Mutations responsible for X-linked cardiomyopathy are confined into two regions of the dystrophin gene: i) mutations at the 5' end of the gene; 41 and ii) mutations in the spectrin-like dystrophin rod domain. 42 Mutations in NH2 domain seem to be associated to a more severe phenotype, 32 because patients with these mutations are unable to compensate the lack of M isoform in the heart, upregulating the B and P isoforms of dystrophin, as happens in the muscle.
Diagnosis of dystrophinopathic cardiomyopathy
The diagnosis of dystrophinopathic cardiomyopathy relies on clinical and instrumental investigation. The preclinical stage can be diagnosed by minor ECG and echo signs. ECG signs include a classic tall right precordial R wave, a S/R ratio >1, a PQ segment abnormally brief for the patient's age, a prolonged QT interval (after correction according to the heart rate), and a cardiomyopathic index >4.6 ( Figure 4) . 21, 28 Echocardiography can reveal areas of regional dyskinesia and fibrosis that can be detected by integrated back scattering (IBS) or echo-acoustic densitometry. During the intermediate stage that can manifest with the picture of hypertrophic or arrhythmogenic stage (Figure 1) , echocardiography with IBS may show initial areas of fibrosis; echocardiography can also predict evolution toward a dilated stage by M-Modeechocardiography recorded at the level of the mitral valve, that shows an increased distance between the E point of the mitral valve and the left side of the ventricular septum. The hypertrophic aspects of this stage are easily detected by echocardiography. The width of the ventricular septum and the cardiac index (ratio thickness of ventricular septum/thickness of ventricular left free wall) are both increased ( Figure 5 ). Echo and/or radionuclide investigation may also show areas of dyskinesia or akinesia caused by fibrosis. In these patients, frequent Holter monitoring will detect the onset of hyperkinetic arrhythmias that often appear during the night (Figure 6 ).
Review
In the stage of dilated cardiomyopathy, clinical examination shows enlarged ventricles, reduced apical impulse, signs of decreased cardiac output, systolic murmur due to dilation of mitral annulus, distention of jugular veins, and hepatomegaly. Echo reveals dilated cardiac chambers, reduced ejection fraction (<45%), reduced shortening fraction, and diffuse dyskinesia of the ventricular walls ( Figure 7) . The echo-Doppler cardiogram may indicate mild or severe mitral regurgitation (Figure 7) . IBS shows diffuse areas of fibrosis in both ventricles. The ECG may show signs of fibrosis and various degrees of conduction defects ( Figure  7) . The transition from a spotty fibrosis to a widespread fibrosis may mimic a picture of myocardial infarction, with elevation of serum levels of troponin T, CK, CK-MB isoenzyme and lactate dehydrogenase, in young DMD boys. This picture can persist for a week and then disappears completely. 43 The picture of a severe dilated cardiomyopathy with intractable cardiac failure is typical of Becker cardiomyopathy. BMD patients seem to pay a more benign muscle phenotype with a more severe cardiac evolution.
Role of echocardiography in every day dystrophinopathic cardiomyopathy management
ECG and echocardiography play a major role in the diagnostic and therapeutic setting of patients with dystrophinopathies. Electrocardiographic findings like short PQ and prolonged QT intervals on ECG, such as a picture of dilated cardiomyopathy of unknown origin in young women, should suggest a diagnosis of dystrophinopathic cardiomyopathy, especially when combined with the typical clinical presentation (walk anomalies and increased serum CK values). Echocardio graphy remains the most simple and accessible method to confirm the diagnosis and to assess the severity of the cardiomyopathy. Echocardiography is also useful to monitor the progression of the cardiomyopathy and the effects of a cardiological therapy.
Recent studies have suggested the presence of subclinical dysfunction in DMD patients using cardiac magnetic resonance imaging, tissue Doppler measurements, and myocardial velocity gradients. In particular, in young patients with DMD who have global normal systolic function, a reduction in systolic deformation parameters as well as reduced early diastolic myocardial velocities have been observed in the anterolateral and inferolateral LV walls. However, the prognostic significance of these findings warrants further longitudinal follow-up. 44 
Prognosis of dystrophinopathic cardiomyopathy
In Duchenne cardiomyopathy, sudden death caused by heart block or ventricular arrhythmias can occur starting from the intermediate stage of cardiomyopathy. However most Duchenne patients die of cardiorespiratory failure during the advanced or final stages of the disease. The prognosis is linked to respiratory treatment that includes long-term assisted ventilation, nocturnal ventilation and tracheostomy. It has been shown that ventilation by tracheostomy provides the better ventilatory support and, combined with the cardiological treatment, is able to prolong the life expectancy of these patients till the third-fourth decade.
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The mean life expectancy of Becker patients is about 20% shorter compared with normal subjects. However the presence of cardiomyopathy greatly reduces life expectancy. After the onset of dilated cardiomyopathy, the prognosis worsens despite an appropriate cardiological treatment, so that only 50% of patients survive more than 5 years. Luckily, in the recent years a higher number of patients may have access to the waiting lists for heart transplantation. The natural history of X-L dilated cardiomyopathy is still unclear because the first stage of the disease is often asymptomatic. Similarly, the clinical course is unpredictable because the rate of progression to overt heart failure is not well known. However, by the time the patient becomes symptomatic, the prognosis is poor, with a 5-year mortality rate about 50%. X-L dilated cardiomyopathy, like all primary dilated cardiomyopathies, is still the main indication for heart transplantation in both children and adults. The prognosis of dystrophinopathic cardiomyopathy in DMD/BMD carriers is influenced by the amount and degree of physical work, and by proportion of normal versus abnormal fibers in myocardium. 35, 36 
Treatment of dystrophinopathic cardiomyopathy
In the early stages of dystrophinopathic cardiomyopathy, treatment with Ace-inhibitors is indicated, while anti-arrhythmic drugs are used to the onset of arrhythmias. It has been reported that the combination of Aceinhibitors and beta-blockers in patients with dystrophinopathies can delay the progression of left ventricular dysfunction and improve systolic function. In the advanced stages, standard therapy for heart failure with diuretics, digitalis and anticoagulants is adopted, without forgetting to correct electrolyte imbalances. 10, 45, 46 
Conclusions
Dystrophinopathic cardiomyopathy is an integral part of the clinical picture of Duchenne and Becker muscular dystrophies and can be the only marker of the dystrophin gene carrier status. About 90-95% of Duchenne patients present overt signs of dilated cardiomyopathy at the age of 18 years, while dilated cardiomyopathy represents an important factor limiting life expectancy in Becker patients and in X-linked dilated cardiomyopathy. Therefore we recommend that all DMD, BMD patients and DMD/BMD carriers, once molecularly diagnosed, are carefully monitored for the development of cardiomyopathy, even in the absence of overt cardiac or muscle signs/symptoms and in the early stages of the disease, using non-invasive cardiac techniques. In addition we hope for a closer cooperation between cardiologists and experts in cardio-myopathies to create a new figure, the cardio-myologists, with specific expertise and knowledge in all the diagnostic aspects and management of dystrophin heart muscle disorders. 
